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ABSTRACT

A theoretical study of the efficiency enhancement possible through collector segmenta-
tion and depression is made using information obtained from the nonlinear interaction
theory for traveling-wave-like devices. The velocity characteristics of the spent beam
are used directly to calculate the improvement factors and the optimum collector seg-
ment potentials as functions of various operating parameters.

Specific calculations are made for both maximum gain and maximum power output
operating conditions. Also efficiency improvement through phase focusing is discussed
and experimental data are given and correlated with the theoretical predictions. Ii is
found that improvement factors of approximately 1.5 to 2 are predicted, and similar
results are obtained experimentally.

Results are also given for the backward-wave oscillator, for which the improvement
factor is higher due to the low interaction efficiency and the corresponding low ve-
locity spread in the spent beam.
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EFFICIENCY ENHANCEMENT BY PHASE FOCUSING
AND COLLECTOR DEPRESSION*

INTRODUCTION of a TWA it is usually necessary to segment the col-

Nonlinear calculations1 ,2,3 of the electron-wave lector and optimize the voltage on each segment.
interaction process in TWA's, klystrons and BWO's Collector depression is most effective in devices with

have permitted the calculation of interaction effi- low interaction efficiencies since the velocity spread

ciencies along with information about the energy is small. As the interaction efficiency is increased the

state of the spent beam. These calculations have been efficiency improvement factor obtained with col-

primarily concerned with the r-f interaction process lector depression decreases (for a fixed number of

and have not considered the effects of collector de- segments) because of the increased velocity spread.

pression on the overall efficiency of the particular The efficiency enhancement obtainable with col-
lector depression is determined in this report fordevice. In this report the effect of collector depres- TWA's with uniform velocity circuits and for

sion on device efficiency is studied theoretically and TWA's with tapere velocity circuits The fon

calculations are presented for the TWA and the TWA's with tapered velocity circuits. The effect on

BWO under a variety of operating conditions. backward-wave oscillator performance is also con-

The conversion process in a TWA and a BWO is sidered.

one of converting the electron beam kinetic energy
to r-f energy. It is well known that the efficiency of THEORETICAL DEVELOPMENT
conversion is limited by the fact that the electrons The nonlinear calculations of beam-wave inter-
slow down as they give up energy to the r-f wave so action are made for representative electron charge
that eventually they drop out of near synchronism groups passing through the interaction region,
with the wave and the interaction ceases. It is logical where they are acted upon by both r-f circuit and
to suppose that the wave velocity could be slowed to space-charge fields. The total number of these charge
maintain the beam-wave synchronism and that a re- groups constitutes the entering d-c beam charge. The
suiting increased efficiency would be obtained. Re- velocity was defined in terms of the normalized
cently a detailed theoretical study of this problem Lagrangian dependent variables as follows:
was made and some successful experiments were
carried out 4. The interaction efficiency of a broad- -u.\2
band, high-power helix-type TWA operating in the -- )= [1 + 2Cu y, (Doj)] 2 , (1)

S-band regime was increased by a factor of 1.5 to 2.

times. Interaction efficiencies of near 50 percent have where
been obtained on this amplifier. utj LA the total velocity of the jth charge

The phase focusing process discussed above re- group, and
lates to the fundamental interaction process, whereas
collector depression affects the "plate-circuit" effi- u(y, (Doj) ý the normalized r-f velocity fox the

ciency. Much of the power usually dissipated in the jth group.

collector may be conserved by operating the col- The total velocity for a particle is simply related to
lector at a lower potential than the r-f circuit**. In its energy it.) electron volts or joules as:
view of the wide velocity spread in the spent beam

*This paper was presented at the Fourth International 11UI
2t eVo - eV (2)

Congress on Microwave Tubes, The Hague, Holland, on 2
September 4, 1962.

**During the course of this work the author held helpful where V is the equivalent r-f potential for a particle
discussions with G. Novick and F. Washburn of the and is positive for energy given up (deceleration)
Westinghouse Microwave Tube Laboratory who were
carrying out similar studies on depressed collectors, by an electron and negative when energy is absorbed



by the electron (acceleration). For an electron with The r-f energy given up by the beam may be related
the average velocity u., Eq. 2 simplifies to to the electron r-f potentials as follows.

mu 2
0 - eVo = 0, (3) M

2 eo - &i + ad =• VJ, (7)

which simply states the equivalence of the electron j=

kinetic and potential energies. Combining Eqs. 1, 2 where generally (for high gain) a1 < < eo.
and 3 yields

In the case of the conventional TWA with the
(u! u _ 2 1 + 2 Cu (y, J 2 - v collector operated at the r-f structure potential the

Uo y V (4' above indicated energies and efficiencies are

(4)

where the index j again indicates the particular ed-C = mVo, (8a)

electron charge group in question.
Thus it is clear that a knowledge of (1 + 2 Cuj) -

at the output of a TWA, a klystron, or a BWO = (Vo - Vi), (8b)

permits calculation of the plate circuit efficiency for I 
t

o

a multi-segment collector system. It will be assumed
that "m" electron charge groups are injected into the S(Vo V j)
interaction region and that the beam transmission

efficiency is 100 percent. M- =
Electrons are injected at the input to the inter- mV° (8c)

action region over one cycle of the r-f wave and 1 m

hence it is convenient to define various characteristic = 1 - m ( I - V ) = (X )
energies per cycle of the beam. These are I = I =

= d-c beam input energy to the interaction

region, 0 = m- (8d)

a1 = r-f input energy to the circuit,

Ed = r-f energy dissipated on the circuit,

e, = d-c energy given to the collector, and The electronic efficiency given by Eq. 8c may also be

a0 = r-f energy at the circuit output. written as

Also several characteristic efficiencies can be defined M
as follows: Ie = I._ {1 - [1 + 2Cu (y, 40J)] 2). (9)

Yle = electronic conversion efficiency, and j=t

Y1 = overall efficiency. The efficiency expressions for multi-segment col-

The above efficiencies may now be written in lector tubes may be developed systematically from
terms of the previously defined energies. Assume the above relations if it is assumed that specific frac-
that "m" charge groups are injected into the inter- tions of the output beam are collected at given
action region. The electronic efficiency is then potentials with one segment of the collector at the

structure potential. Suppose now that the collector

e - 1  , (5) is segmented and that the segment operating d-c
£d-c ad.e potentials are such that V. > V,1 > Ve > V,3 • .

and the overall efficiency > Ve,, that is, there are r + 1 segments. A schematic
collector configuration illustrating the potential ar-

0- El rangement is shown in Figure 1. The energy given
o = (6) up to the individual collector segments is given byad-2



0 VC I C2  VC3  VCr

Figure 1. Schematic Diagram of Segmented Collector

_PýP-2 The overall interaction efficiency for the r + 1 seg-
Cc, r.. = (Ve, - V1) + I (Ve, r- - Vj) ment collector device is

j=l
M• p-1 71o,.. 1 =-0- ,1 (16)

+ (VI, r-2 - VK) + + (V. - VO) and thus '7o -c. r(1

(10) TOr+1 Cd-c -- .... 1 (17)

where 71o Cd-c, r+1 Ye

P1 + P2 + P3 + ... + Pr+1 = m. The electronic efficiency for the r + I segment

The above can be simplified as follows, collector device may be written in terms of the
equivalent r-f potentials as

6c, r+l = PIVe, r + p2Vc, r-1 + p 3Vc, r-2

+ .p+Vo - V. (11) Vo=

Thus Pi Vo ) +p2 +.+Pr

$d-c, r+1 = 60 + Cd + Se, r+1 = plVc, + p 2 Vc, r-1 
(18)

+ .. . Ppr+lVo. (12) Equation 18 may also be written in terms of particle
velocities as

The electronic efficiency for this r + 1 segment col-

lector is m

oe r+ -- SI + Ed Co+Ed (13) {1 - [1 + 2Cu (y,oD.)] 2
)

Cd-C, r+1 Fd-c, r+1

and Ile V1 o = +p2PY 1) +.. +pr
C 0... C=°- - Co . 14 (19)

= d-c, r+i Cd-c, r+1

It is convenient to refer the efficiencies for the In terms of the r-f energy delivered to the circuit theIt is conveneoverallefefthcienciisecwritten as

device with r + 1 collector segments to the efficien- overall efficiency is written as

cies for the device with a single collector at the r-f

circuit potential. Thus 2 . -A) C---d y

S =~ -r+1 Cd2C (A2
F ... AI°) (1 + Cb)

Cde eO-c. r+1 [El ( V= [ ) + P2 Vc r )+ +"i'"

1 (20)

I ( m ( Equations 15 through 20 may now be used to

(15) calculate the "partial" and "overall" efficiencies for

3



depressed collector devices for an arbitrary number operation is directly related to the velocity spread in
of collector segments but with the last segment at the spent beam. As pointed out previously, the
the r-f structure potential. greater the velocity spread in the output beam the

greater the number of collector segments needed to

GRAPHICAL EVALUATION SCHEME achieve a given overall efficiency. The amount of
velocity spread existing in the beam is directly de-

Recently H. Krage* suggested to the author that pendent upon the electronic interaction efficiency.
a graphical method could be utilized to determine
the optimum collector segment voltages. The graph- The above theory may be used to calculate im-

ical method also uses the velocity characteristics of provement factors for any operating conditions. The

the spent beam and is useful to obtain approximate most significant information is to be gleaned from

results and calibrate one's intuition, the calculations on devices operating at maximum
gain conditions and at maximum saturation output

Figure 2 serves to illustrate the graphical pro- (maximum efficiency). A comparison of these two
cedure for a two-stage collector. The velocity sets of results is most interesting. The results have
squared, (1 + 2 Cuj) 2, is plotted vs. the "charge been calculated for various cases as taken from the
group" number. efficiency curves computed with the aid of a one-

The power cons'erved by using a two-stage col- dimensional nonlinear theory2. These are shown in
lector is seen from the graph to be the sum of the Figures 3 and 4 for 1-, 2-, and 3-stage collectors
areas of the two rectangles under the velocity curve, along with the efficiency for a device without col-
For any given case the segment voltages are chosen lector depression. In Figure 3 it is apparent that the
to maximize the total power conserved, efficiency improvement factor decreases as QC or

Wp/t increases, as is to be expected since increased

RESULTS OF CALCULATIONS coulomb repulsion forces lead to greater velocity
spread in the electron beam. The improvement

It is easily seen from Eqs. 17-20 that the efficiency factor is also seen to decrease, in Figure 4, with an
enhancement achievable through depressed collector increase in the gain parameter C. This also is reason-

*Electron Physics Laboratory, The University of Michigan, able since an enhanced interaction achieved through
Private communication, tighter coupling between the beam and the circuit

should naturally lead to greater velocity spreads.

Close scrutiny of these results indicates that in
general if one operates at a condition for maximum
small-signal gain to achieve linearity of operation at

O- -- 7- - -- - V0  the expense of efficiency, the same "overall" effi-
1.0 ciency may be achieved as in the maximum-power-

R-F POWER output (saturation-efficiency) case by utilizing one
RVV2 additional collector segment. In a particular instance

- V technological problems may define an upper limit on
the number of collector segments permitted.

In order to achieve these maximum efficiency en-
\hancement factors the various collector segments
must be operated at the optimum potentials. Typical
calculated efficiency improvement factors as a func-

0 0 tion of the various segment potentials are shown in

mn io Figures 5 and 6 for specific operating points.

Examination of the various cases indicates that
Figure 2. Illustration of Graphical Procedure for Deter- Eh

mining V., and V, for a Two-State Collector. n, Electrons the optimum collector segment voltages are approx-
Collected at V,, and ný Collected at Vo,. imately as given in the following table.

4
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2 STAGE

"I'STAGE

B=1.0, C=O.I NO
b=b(XI MAX) DEPRESSION

3i STAGE
id2 STAGE

"I STAGE V/V

40__ Figure 5. Efficiency Improvement Factor vs. Collector
4- OcSegment Potebtial. (C = 0.1, B = 1.0, QC = 0.125,

B-I'O C=O.I NO
b=b(;, MAX.) DEPRESSION b = 0.65, d = 0, y = 6.8)

0 0.2 04 06
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Figure 3. Efficiency with Collector Depression vs. QC

3 STAGE, V, =O.50 V0 , Vc2 O.45 Vo

80 1Be • 3 STAGE 2 STAGE, %c =0.65 V,

S2 STAGE -

I• STAGE I STAGE

40 "_- - _NO 1. 00.2 0.4 0.6

DEPRESSIONC/V

B=I.O, QC=0I25 Figure 6. Efficiency Improvement Factor vs, Collector
>ý b=b(X, MAX.) Segment Potential. (C = 0.1, B = 1.0, QC = 0.125,
U' 0Sb =1.5, d =0, y =7.2)

Ld _______C_____ 3STAGE 
TABLE Io• _.._____•_____-2 STAGE

I STAGE Optimum Collector Segment Voltages

_--NO
-. • -- DEPRESSION

40 DPSI No. of Stages V./V. V0 2/Vo Va/v.
8=.O, QC=0125
bzb(,7s MAX.) 0.5

2 0.6 0.25
0 010 020

3 0.6 0.4 0.1
Figure 4. Efficiency with Collector Depression vs. C
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The theoretical development and calculations are The efficiency is seen to be improved by a factor
independent bf Vo and thus apply to relativistic of 1.36 as a result of phase focusing through pitch
beams. Specific calculations have been made for variation of the helix and the efficiency of the vari-
relativistic beams as a function of the relativity able-pitch tube is seen to be always greater than its
factor and large efficiency improvement factors were uniform-pitch counterpart, independent of the de-
found. gree of collector subdivision.

The use of a 3-stage depressed collector on the

SEGMENTED COLLECTORS IN uniform-pitch tube gives an efficiency improvement
PHASE-FOCUSED TUBES factor of 2.2, whereas the improvement factor for a

3-stage collector on the variable-pitch tube is onlyRecent theoretical studies with supporting ex- 1.7. However, the overag efficiency is higher by a
periments4 have indicated that the efficiency of linear factor of 1.05.

beam devices can be improved by utilizing phase-

focusing techniques. One wonders whether further DEPRESSED COLLECTORS ON BWO'S
improvement can be achieved in such tubes by col-
lector segmentation and depression. Since tubes with All of the previous work has been directed to-
high interaction efficiencies are characterized by a wards efficiency improvement in forward-wave am-
high degree of velocity spread in the beam, it would plifiers. Since the interaction efficiency of the O-type
be expected that the efficiency improvement factor BWO is so low it is a likely candidate for depressed
through the use of a depressed collector would be collector operation.
less than that in the case of lower-efficiency tubes. The general theory was used to calculate efficiency
Calculations similar to those presented early in this improvement factors for a large-signal BWO which
report have been made on a variable-pitch tube and has an electronic interaction efficiency of 9 percent.
its uniform-pitch equivalent and are presented in The overall efficiency vs. the degree of collector seg-
Figure 7. mentation is shown in Figure 8. The very large im-

10o 60- O-BWO
C=O.I
QC=O

VARIABLE PITCH. d=0
b=1O INITIALLY b=l.9

40 _ start _- _ _

60
UNIFORM PITCH 0

>ýb=1.0 Z- Li,
Z

20

4O

0- 0

WITH- I STAGE 2 STAGE 3 STAGE
_ _ _OUT

0 WITHOUT I STAGE 2 STAGE 3 STAGE

NO OF COLLECTOR STAGES NO. OF COLLECTOR STAGES

Figure 7. Efficiency Improvement for Variable Phase Figure 8. Efficiency Improvement by Collector
Velocity Tubes. (C = 0.1, d = 0, QC = 0) Depression in a BWO
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provement is due to the fact that the conversion This TWA is characterized by C - 0.1 and QC
efficiency is low and hence the velocity spread in the 0.15. The theoretical improvement factor for col-
beam is low. lector depression when it is operated at maximum

power output is 1.53, which compares favorably

EXPERIMENTAL RESULTS with the experimental improvement factor of 1.54.

A high-power helix-type traveling-wave ampli-A siple ne egmet dpresed clletor as tier was constructed with a variable phase velocity

constructed for a low-gain power amplifier operat- structure in which the helix pitch was varied ap-

ing in the S-band frequency regime. For this par- pructe cubich the l as varied ap-

ticular tube the limit of collector depression was 35 proximately cubically over the last 15 percent of its

percent of the helix voltage at full drive power. The length. The phase velocity was reduced to 50 per-
in cent of its initial value by this means. Recent experi-

improvement in efficiency obtained is illustrated in ment data take on this mer re sn in
Tabl II.mental data taken on this amplifier are shown in

Table II. Figure 9 for a wide range of frequencies. The effi-

TABLE 11 ciency improvement factor due to phase focusing
varies between 1.3 and 2.0 depending upon oper-

Efficiency vs. Collector Depression ating conditions. The greatest significance of these
results is the fact that efficiency improvement has

Electronic Overall Efficiency been achieved over an extremely wide bandwidth
Eleccroncy with 35 Percent and that efficiencies of 5 times C have been obtained.
Efficiency Depression The collector on this tube was operated at the circuit

15 23.3 potential. If single-stage collector depression is used
the improvement factor is estimated to be approxi-

18 27.8 mately 1.25.

21 32.4 In many cases TWA's are operated with power

24 37.1 outputs below the saturation output in order to
obtain linearity in the phase shift characteristics.

27 41.5 Calculations have indicated that much of the effi-

60 CzO.I

QC=Q2
Po(MAX)-200-400 WATTS

o G=25 db

46,

Z
L (b)?

2.0 2.4 2.8 3.2 3.6 4.

FREQUENCY, Gc.

Figure 9. Maximum Efficiency vs. Frequency Before and After Velocity Tapering.
(a) Variable Pitch: Voltage and Attenuator Position Optimized for Maximum Power

Output. (b) Uniform Pitch: Voltage and Attenuator Position Optimized
for Maximum Power Output.
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ciency can be recovered by utilizing a multi-segment factors for collector depression from the velocity
depressed collector. However, one usually has to use spread data on the spent beam. In addition the
an additional collector segment to obtain the same optimum collector segment potentials are obtained
overall efficiency. from the calculations. Efficiency improvement fac-

tors of 1.5 have been predicted and these ha, x been
CONCLUSIONS substantiated by experiment.

The degree of improvement obtainable is directly
The nonlinear calculations of the state of the a function of the amount of velocity spread in the

spent beam in a TWA and BWO have been used in beam. However, it is shown that a small improve-
collector depression studies. A theory has been de- ment can still be achieved by collector depression
veloped to calculate the efficiency improvement even in phase-focused amplifiers.
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